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Abstract  
In this paper, a high-quality (Q) factor microstrip cavity resonator based on modified 
Minkowski fractal structure sensor is presented for determining the  dielectric sample's 
complex permittivity. A high unloaded Q value has been achieved by utilizing fractal 
structure, which is far greater than that of a typical rectangular cavity. Besides, the 
modified fractal radiation patch and the feeding section of the sensor result in a highly 
sensitive area to the tested materials. The sensing principle is implemented by detecting 
the electric fields perturbation of the resonator when different tested materials are 
placed over it. The complex permittivity of the tested materials can be forecasted by 
transferring the acquired experimental resonant frequency shifts(Δf) and Q values of 
the sensor to the well developed neural network system. To validate the proposed 
method, various standard dielectric samples including FR4, Roger5880, Glass, and 
others are tested and analyzed. The experimental results are compared with published 
values with the maximum error of 5.0%.  
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1. Introduction 
Over a few decades, a precise determination the complex permittivity changes in 
dielectric sample is a major challenge in industrial fields, such as high-speed circuits 
design [1-2], toxic gas detection [3-4], and determination of reaction materials in 
microwave chemical reaction [5-6]. As is known that each material has a unique set of 
electromagnetic properties, which is represented by permittivity(ε) and permeability(μ), 
and these two physical quantities are all connected with the other material properties 
including electric susceptibility, molecular polarizability, frequency response, etc. 
Therefore, accurate knowledge of these dielectric properties provides us with useful 
information for the development of material designs and instrumentation monitor. 
Diverse techniques including non-resonant methods [5-11] and resonant methods 
[12-16] are available in the literature for characterization of dielectric properties. In 
particular, the non-resonant methods mainly consist of free-space, reflection, and 
transmission/reflection methods. For broadband dielectric measurements, non-resonant 
methods are better suited, especially in the complex dielectric constant measurement of 
magnetic materials [17-18]. In a free-space method, the tested samples are placed in the 
middle area of two spot-focusing lens sensors. However, the cost of the lenses is 
expensive and the size of the tested sample is large. With respected to reflection and 
transmission/reflection method, the dielectric sample is measured based on the coaxial 
line, waveguide, or microstrip structures. Analogously, the accuracy error will be 
amplified for low loss materials and the impact of background signals stems from 
transmission lines cannot be ignored[19]. The resonant methods have been favored by 
researchers because of its high accuracy and flexibility in sample preparation. They can 
also be divided into resonator methods and resonant perturbation methods. The material 
to be tested combined with the measurement setup are considered as a resonator for the 
resonator methods. In resonant perturbation methods, the microwave circuit itself acts 
as a resonator. The material's permittivity of these reported methods are all based on 
the shift, amplitude attenuation in resonant frequency, unloaded Q value or bandwidth. 
Unlike non-resonant methods, the resonant sensors are preferred in calculating small 
loss tangent or loss factors of materials due to its high precision in narrowband Radio 
Frequency(RF) region. Moreover, these resonant methods can be divided into 
conventional waveguides resonators and planar resonators. The microstrip line based 
methods have been attracting growing interest because it is capable of low cost, ease in 
fabrication. Reasonable efforts have been made to moderate the interference of the 
cross signal and improve the measurement accuracy, such as coupled ring 
resonators[20], split-ring resonators (SRR) and complimentary resonators (CSRR) [21], 
interdigital capacitor resonator [22], or metamaterial structures resonators. These 
aforementioned structures are commonly designed on microstrip. However, these 
dielectric measurement sensors based on microstrip resonant structure suffer from poor 
Q value [23], which greatly inhibits the measurement accuracy of the circuit. 
In this paper, a modified Minkowski fractal microstrip resonant with high Q value 
has been reported to extracted the properties of dielectric under test (DUT). The 
proposed sensor demonstrates a dominant platform of the fringing electric field which 
enlarges the effective interaction area with the DUT. The frequency shift (Δf) and Q 
values changes on resonance frequency are chosen to characterize the complex 
permittivity of DUT. The sensor sensitivity is demonstrated when various materials 
with different permittivity values are placed over the sensing platform of the resonator. 
The dielectric properties of the tested sample have been reconstructed via neural 
network method. The sensitivity of the proposed sensor has been evaluated through 
measurements.  
 
 
 
 
 
 
2. Sensor Design 
2.1 Design parameters and working principle of the designed sensor 
The detailed parameters and geometry of the proposed Minkowski fractal microstrip 
sensor are illustrated in Figure 1. When different DUTs are brought in close proximity 
of the concentrating fields of the sensor, remarkable changes in the capacitance of the 
overall structure will be recorded by the shift of the resonant peak value of the sensor. 
The structure's dimensions are listed below: L1=1.5 mm, L2=3.05 mm, L3=4.0 mm, 
L4=1.2 mm, L5=3.0 mm, W1=0.9 mm, W2=1.4 mm.            
  
Figure 1. The designed fractal cavity resonator (a) side view  (b) top view (c) bottom 
view. 
As shown in Figure 1(b), the radiation section of the proposed squared patch 
monopole resonator is composed of modified Minkowski fractal geometry. In other 
words, the designed radiation unit can be divided into a series of similar geometries 
with different fractal iterations. Besides, the feeding section of the resonator seen in 
Figure 1 (c) is modified by a squared hollow metal under the radiating patch to further 
focus the electromagnetic waves within the central area. Therefore, the combination of 
the modified fractal radiation patch and the feeding section establish an electric field 
perturbation sensitive area for highly accurate measurements. According to the 
dielectric theory, the dielectric properties of DUT Cu is expressed as 
 
'
0 Tu r MUC C C= +                                                (1) 
         
where C0 represents the resonator’s effective capacitance with unloaded DUT;
'
r MUTC  denotes the effective capacitance due to the introduction of a tested material. 
'r and 
' '
r  is the real part and imaginary part of the complex permittivity of DUT, 
separately. The unloaded Q values of a resonator can be calculated from[24]. 
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where f0, Ploss is the resonant frequency and dissipated power, respectively; We , Wm 
stand for the averages stored electric and magnetic energies. The obtained 3dB 
bandwidth will give the required Q factor  
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where fh , fl are the high and low frequencies at 3dB below the peak, respectively.  
According to the resonant cavity perturbation theory [25], the resonance frequency 
shift( f ) arising from loaded DUT follows the equation 
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where E0 represents the electric field intensity, and H0 is the magnetic field intensity. 
 and  represent the dielectric constant and the relative change dielectric constant of 
material respectively,  and  denote the original and relative change of 
permeability. It can be seen that f  and Q values are related to the dielectric properties 
of material  
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2.2 Sensitivity of the proposed sensor 
To demonstrate the sensitivity of the proposed cavity resonator, the Q factor of the 
typical rectangular cavity structure is also explored for comparison at the same 
operating frequency of 5.8GHz. The Q factor comparison between these two cavities is 
plotted in Figure 2. The unloaded Q factor of the proposed cavity resonator is about 
824.3, which is far greater than 116.6 of a typical rectangular cavity. In such a case, due 
to the designed of the fractal structural radiating patch and squared hollow metal 
feeding section for the cavity resonator, the fringing fields is significantly enhanced, 
and the interaction area between DUT and the electromagnetic field is more 
concentrated. Thus the measurement sensitivity dependent on the fractal structure is 
highly enhanced compared to the traditional rectangular configuration. In order to 
realize the expected purpose such as higher unloaded Q factor and better sensitivity 
compared to rectangular resonators, a fractal cavity resonator can be used for material 
characterization with a good degree of accuracy. In this work, Eqs. (1)–(5) can be 
utilized to calculate f and the Q values for detecting the local change in the material 
properties when the presence of the DUT. Therefore, each of these measured 
parameters enables us to gain the relative permittivity of the tested composite. 
 
Figure 2. The comparison of simulated unloaded Q values between a typical 
rectangular cavity and the proposed fractal cavity resonator working at the same 
frequency of 5.8 GHz. 
3. Numerical Simulation Results 
The fractal structure sensor was fabricated using conventional photolithography. 
Rogers R4350 substrate with the thickness of 0.254mm (relative dielectric constant 
εr′=3.66) is chosen for machining the prototype at 5.8GHz, which is located in the 
essential frequency band and used in fields of microwave heating, mobile 
communications, dielectric measurement and so on. Figure 3 shows the proposed 
sensor model for detecting the relative permittivity characterization of a solid sample. 
 (a) 
 
(b) 
Figure 3.(a) The simulated electric field distribution of the proposed sensing system at 
5.8 GHz; (b) The sensor loaded with DUT (10mm*10mm*1.6mm). 
In order to improve the measurement sensitivity, a fractal structure radiation section 
on the top-plane sensor and a U-shaped feeding structure on the background plane is 
presented. The proposed sensor establishes a dominant platform of the fringing electric 
field which enlarges the effective interaction area with the DUT. The simulated electric 
field distribution of the proposed sensing system is shown in Figure 3(a). It has been 
found that the electric field is mainly centralized around the central area of the radiation 
unit, and the maximum value of the electric field strength in the vicinity of the sensing 
area is about 1.2e5V/m. The sample placed parallel to the surface of the radiation plane, 
and the change in the permittivity of the DUT can be translated to the scattering 
parameters by means of perturbation in the electric field. The the tested sample’s size 
is chosen to be 10mm*10mm*1.6mm. The simulation data of transmission responses 
are investigated in presence of different dielectric samples are plotted in Figure 4. The 
dielectric constant of  DUT is varied in steps of 1whereas the loss tangent is linearly 
increased from 0.02 to 0.2 to observe the return loss of the sensor. It is clearly observed 
that the corresponding peak attenuation and resonant frequency vary regularly when 
changing the values of εr′ and tanδ. With regard to different samples, we can see that 
the resonance frequency(f) shifts left by increasing εr′ values. Analogously, the 
variation of (dB) magnitudes will increase with adding the loss tangents from 0.02 to 
0.2, when the relative permittivity εr′ is chosen to be 1 and remains unchanged. The 
simulation data show that the variation in tanδ only affects the magnitudes of the sensor, 
in other words, the Q factor will be changed accordingly according to Eq. (4). Based on 
the simulation results and parametric analysis, both the f  and Q values will provide 
the required electrical properties and thus became a promisingcandidate for forecasting 
the complex permittivity of unknown materials. 
 
(a) 
 (b) 
Figure 4. (a) The simulated scattering parameter of S11 for different DUTs. 
4. Complex Permittivity Extraction 
According to the simulated data, each set of εr′ and tanδ corresponding to f  and Q 
values will take responsibility for establishing the BP neural network algorithm. 
Compared with other methods of determining the materialʼs precise complex 
permittivity, such as linear fitting algorithm [25], matrix transformation algorithm [26], 
transmission-reflection (T-R) approach [10], neural network method has been a most 
acceptable method for forecasting the unknown dielectric samples. An artificial neuron 
is a device with input, hidden, and output layer as depicted in Figure 5. It has the 
advantages of being efficient, costly, wideband, and avoiding the over-fitting problem. 
A large number of highly interconnected  neurons units sustain the unison working of 
the BP neural network, which is especially well in solving specific tasks that 
are  extremely hard  in traditional program. The relationship between the simulated 
resonance frequency and Q factor and correspondingly dielectric parameters (εr′ and 
tanδ) will be established, as soon as the networks are sufficiently optimized. The 
process of complex permittivity rebuilding is shown in Figure 7. Finally, the 
permittivity data of DUTs can be determined, once these experimental fr and Q values 
are imported into the neural network system.  
             
Figure 5. Structure of the BP. 
 
 
 
Figure 6. The flow chart of reconstruction permittivity based on BP neural network. 
5. Experimental Results 
The proposed symmetric sensor was fabricated using conventional photolithography. 
The scattering parameters were measured using a Rohde &Schwarz ZVB20 (VNA) and 
the experimental results were shown in Figure 7. The short-open-load-through(SOLT) 
calibration technique was carried out to eliminate systematic errors throughout the 
experiment. Then, a number of available materials were measured via VNA and the 
designed sensor. Once the collection of the measured scattering parameters data of all 
the cases are completed, the corresponding shift in the resonant frequency and Q values 
will be harvested by simple mathematical calculations according to Eqs. (1)-(4). The 
complex permittivity data of the tested materials can be evaluated by transferring the 
acquired experimental resonant frequency shifts and Q values of the sensor to the 
well developed BP network system. 
 
Figure 7.  The measurement system of the proposed sensor. 
Some DUTs with different electromagnetic characteristics have been chosen to 
investigate the response of the sensor. Figure 8 shows the measured scattering 
parameters S11 (dB) plots for different MUTs. Each measurement has been repeated at 
least five times and the mean value is taken. As depicted in Figure 8, the measured 
results of the designed resonator confirm that increasing dielectric parameters εr′ 
resulting in a change of the sensor's  effective capacitance, thereby creating an effect of 
lift-shift resonant frequency. Additionally, the observed nonlinear fluctuation 
characteristics of the amplitude attenuation curves can be attributed to the nonlinearity 
change in the permittivity of DUTs.  
 Figure 8. The measured frequency shift and Q value change for various dielectric 
samples. 
The measured values complex permittivity data for the characterization of MUTs are 
tabulated in Table I, where can be noticed that all the measurement 
results have demonstrated good precision. The maximum error in the real part of 
dieletric properties (𝜀𝑟′) of the selected DUT is between 1.72% and 4.37%, while the 
loss tangent part (tanδ) is between 3.50% and 5.00%. Additionally, the proposed sensor 
is also suitable for dielectric measurement of liquid and powder materials,  if the DUT 
container located nearby the sensing platform is slightly modified. However, the 
maximum value in the measurement of all these samples has an error of 5.0%, which 
demonstrates the validation and forecast applicability of the proposed sensor.  Errors 
may include a number of factors such as the presence of the air gap between the sensing 
platform and the DUT, or a slightly geometrical discrepancy between the simulated 
and the fabricated device, and hence result in a slight deviation between the 
experimental and literature values.  
 
 
 
 
Table 1 
Accurate dielectric parameters (εr′ and tanδ) comparison between the previous research 
and this work. 
MUT This work Reference values[20-
21,27-28] 
Percentage error 
εr' tanδ εr' tanδ %εr' %tanδ 
PVC 2.65 0.0095 2.62±0.03 0.010 2.26 5.00 
Roger4350 3.42 0.0046 3.48 / 1.72 / 
FR4 4.50 0.0207 4.60±0.01 0.020 4.25 3.50 
Glass 5.86 0.0116 6.128 0.012 4.37 3.33 
 
6. Conclusion 
A high-Q microstrip cavity resonator has been explored, for use in non-invasive and 
high accuracy 𝜀𝑟′ retrieval of low-loss samples. A high unloaded Q of 824 has been 
achieved by utilizing fractal structure, which is far greater than the 117 of a typical 
rectangular cavity. The modified fractal radiation patch and the feeding section of the 
sensor result in a highly sensitive area to the materials. The sensor’s sensitivity is 
acquired owing to the change of its resonance frequency( f ) and Q values when the 
complex permittivity of the MUT is altered. Evident shifts of the resonance frequency 
are observed by simulation of MUTs with different permittivity values in a range of 1-
10 and 0.01-0.2 in loss tangent. The dielectric parameters (εr′ and tanδ) of DUTs,  in 
terms of f and Q values, are reconstructed from the established BP neural network. 
The experimental results performed on four low-loss samples (PVC, Roger4350, FR4 
and Glass ) are in good agreement with the published data with the maximum error of 
5.0%. The simplicity in the measurement process, the flexibility in tested sample 
selection, and the high accuracy measurements make it a very efficient method for the 
precise extraction dielectric properties of various materials in scientific and industrial 
fields, especially in industrial microwave heating. 
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